The increasing incidence of eutrophication has potentially detrimental socio-economic and ecological consequences. This study aimed to elucidate the temporal dynamics of algal communities in response to increasing initial concentrations of inorganic nitrogen (particularly nitrate) -central components of eutrophication. A contained microcosm experiment was designed to mimic the conditions of shallow oligotrophic estuaries with high water residence times. Phytoplankton, microphytobenthos and filamentous algal community dynamics were observed over a 28-day experimental period under different nitrate regimes. Key observations included (1) accelerated filamentous algal growth, (2) rapid loss of phytoplankton biomass and abundance, and (3) reduced benthic diatom species diversity and richness in the "1.0 μm Nitrate Addition" treatment. Additionally, model results highlighted the positive relationship between filamentous algal growth and increased water temperature. From a global change perspective, the decline in microalgal abundance and diversity at the onset of filamentous algal growth in warm, N-enriched environments suggests a potential uncoupling of trophic pathways. However, the "Control" and "0.5 μm Nitrate Addition" treatments were similar in their algal responses, highlighting the ability of ecosystems to absorb small disturbances. Thus, it is critical that estuarine resilience is preserved to ensure continued provision of invaluable ecosystem services.
Introduction
Forming the interface between land and sea, estuaries are naturally complex, dynamic and productive ecosystems characterised by steep gradients in energy and physicochemical properties (Jennerjahn and Mitchell 2013) . Due to their inherent ecological and socio-economic value, estuaries are one of the most heavily utilised and threatened ecosystems worldwide. Continued global acceleration of anthropogenic development in coastal areas has placed unprecedented pressure on downstream aquatic ecosystems, with estuaries being a natural focal point for the exacerbation of related impacts (Conley et al. 2009 , Jennerjahn and Mitchell 2013 , Paerl et al. 2014 ). As such, given the constant state of flux in which they reside, estuarine ecosystems are vulnerable to disturbances, particularly in the face of global change.
In semi-arid countries like South Africa where the average annual rainfall (ca. 450 mm year ), freshwater inputs are altered because freshwater demand exceeds supply. This in turn results in an increase in the construction of impoundments and diversion schemes within the catchment areas of estuaries to meet the requirements of the agricultural, domestic and industrial use sectors. Contrastingly, catchment activities (e.g. agricultural return flows, contaminated urban runoff and wastewater treatment discharges) have increased freshwater inflow and nutrient loading to many estuaries, with potentially detrimental consequences. The ecological significance of manipulating the quantity and quality of freshwater inputs entering estuaries includes the risk of altering mouth condition (e.g. prolonged periods of closure), resistance to scouring events, accelerated rates of sedimentation, a shift to or loss of marine-dominated systems, restructuring of food webs and an increased incidence of eutrophication symptoms (Snow and Adams 2007 , Paerl et al. 2014 , Cloern et al. 2016 .
The process of eutrophication is characterised by accelerated growth of primary producers in response to anthropogenic nutrient loading -mainly nitrogen (N) and phosphorus (P) -culminating in undesirable disturbances, such as a loss of submerged macrophytes, dissolved oxygen depletion, harmful algal bloom proliferations, and degradation of ecosystem structure and functioning (Leston et al. 2008 , Conley et al. 2009 , Wallace and Gobler 2015 . Shallow estuaries, like those in South Africa, are composed of complex assemblages of primary producer communities, including phytoplankton, microphytobenthos (MPB), epiphytes, macroalgae (including filamentous algae), as well as submerged (e.g. seagrasses) and emergent (e.g. common reed) macrophytes. Therefore, the multiplicity of potential primary producers increases the complexity of interactions and responses to both natural and anthropogenic disturbances in estuaries (Seitzinger et al. 2001) . In systems with increased nutrient loading, a shift in dominance from slow-growing macrophytes to phytoplankton and fast-growing ephemeral macroalgae is expected due to their comparatively higher nutrient uptake rates and surface area to volume ratios (Pedersen and Borum 1996; Leston et al. 2008 ). However, once such a shift occurs, the transition between micro-and macroalgal dominance is largely a function of internal (e.g. nutrient supply, light availability, temperature, grazing pressure and interspecies competition) and external processes (e.g. water residence time and wind-driven circulation; Valiela et al. 1997 , Fox et al. 2012 , Thornber et al. 2017 .
Macroalgal blooms of Cladophora glomerata ( Linnaeus) Kützing (Nunes and Adams 2014, Human et al. 2016b) and Ulva lactuca Linnaeus (Human et al. 2016a) have been documented in South African estuaries, with elevated nutrient supply, shallow water depths, high light transparency, and increased residence times identified as key drivers. Such conditions are characteristic of the small microtidal, temporarily open/closed estuaries (TOCE) which dominate the coastline of South Africa. Similarly, numerous studies have documented the dynamics of microalgal communities in TOCEs, with peak phytoplankton and MPB biomass levels generally coinciding with closed mouth conditions (Lemley et al. 2016 and references therein) . However, as highlighted by Wallace and Gobler (2015) , investigations into the drivers facilitating and controlling estuarine blooms of microalgae and macroalgae are commonplace in the literature, whilst explicit investigations addressing the factors responsible for the cycling between these two communities are lacking. Garnering an understanding of the processes structuring the dynamics of these communities is pertinent to enabling effective mitigation of broader environmental issues. One such way in which this can be achieved is through the application of small-scale microcosm experiments. Benton et al. (2007) suggested this as an effective approach which, in turn, can act as a stimulus for further research and hasten our understanding of global issues and development of practical solutions.
In South Africa, TOCEs make up more than 75% of the nearly 300 functional estuaries present (Van Niekerk et al. 2013 ). Many of these small (<50 ha), intermittently open estuaries are largely understudied in terms of their ecosystem structure and functioning (e.g. physicochemical and biotic characteristics), which hinders effective management. However, an estuarine health assessment by Van Niekerk et al. (2013) indicated that systems in the warm temperate biogeographical region of South Africa are healthier (excellent to good condition) due to a lack of development pressures. Therefore, despite being seemingly less economically important, these largely unmodified systems provide a unique opportunity to document the resilience and/or vulnerability of oligotrophic TOCEs to global change. Under a scenario of increased anthropogenic nutrient loading, this can be assessed by documenting the response of algal community indicator parameters (e.g. biomass, composition, diversity; Lemley et al. 2015) . In South African estuaries, thresholds levels have been defined for selected parameters that indicate oligotrophic conditions (Lemley et al. 2015) , i.e. dissolved inorganic nitrogen (DIN < 0.1 mg l −1 ≈ 7 μm), phosphorus (DIP < 0.01 mg l −1 ≈ 0.3 μm), phytoplankton biomass (<5 μg Chl-a l −1 ), MPB biomass (<100 mg Chl-a m −2 ) and benthic diatom diversity (Shannon index, H′ > 3).
Despite the potential role dissolved organic nutrients -both N and P -play in supporting primary productivity in estuaries, the bioavailability of these forms is highly variable (Statham 2012) . Contrastingly, dissolved inorganic nutrients (e.g. DIN, DIP) are readily utilised by most algal communities and thus remain a core focus of eutrophication research. More specifically, nitrate has been identified as the dominant N form in riverine inputs from catchments impacted by agricultural practices (Jickells et al. 2014) , whilst concomitant phosphate inputs are often less pronounced (Lemley et al. 2017) . Therefore, given the likelihood for intensification of agricultural activities in developing regions, this study aimed to elucidate the dynamics of microalgal and filamentous algal communities in response to increasing initial nitrate concentrations using a contained experimental microcosm design. It was hypothesised that small one-off additions of nitrate will elicit (1) increased microalgal (phytoplankton and MPB) biomass and filamentous algal cover and (2) reduced benthic diatom diversity. Ultimately, the overall study objective was to provide insight as to how shallow, oligotrophic estuaries will respond to potential future increases in anthropogenic nutrient loading during closed mouth conditions. These types of studies are globally pertinent, particularly in arid to semi-arid Mediterraneantype climates where estuaries experiencing intermittent connection to the coastal environment are common. For example, together with South African TOCEs, these types of estuaries are particularly prevalent in regions such as Europe (semi-enclosed coastal lagoons), North America (bar-built estuaries) and Australasia (intermittently closed and open lakes and lagoons, i.e. ICOLLs; Schallenberg et al. 2010 , Coutinho et al. 2012 , Lemley et al. 2016 ).
Materials and methods

Study site
With a small catchment size (90 km 2 ) and estuarine habitat area (18.65 ha) , the temporarily open/closed Maitland Estuary (33°59′16.93″S; 25°17′31.03″E; Figure 1 ) provides an apt surrogate for the 89 TOCEs located in the semi-arid, warm temperate biogeographic region of South Africa (Gama et al. 2005, van Niekerk and Turpie 2012) . Of these systems, and similarly to Maitland Estuary, approximately 66% have an estuarine area of less than 20 ha. Furthermore, the health condition of the Maitland Estuary is representative of the majority of warm temperate TOCEs (91%) that are classified as either unmodified (A), largely natural (B) or moderately modified (C), as per ecological water requirement studies (van Niekerk and Turpie 2012). Additionally, the oligotrophic condition (low in situ inorganic nutrients and microalgal biomass), increased water retention times during mouth closure (e.g. months), presence of filamentous algal communities (e.g. Spirogyra sp.) and shallow nature of the Maitland Estuary (Gama et al. 2005) supports its application as the sample collection site from which to address the study objectives. Sample collection for the laboratory microcosm experiment took place on 17 May 2017 at a site located in the lower reaches of the Maitland Estuary (Figure 1 ). During this period the estuary was separated from the sea by an extensive sandbar at the mouth, with homogenous oligohaline conditions (1.60 ± 0.03) and shallow water depths (<0.7 m) presiding throughout the estuary.
Experimental design
A microcosm experiment was designed to compare the response of, and interaction between, selected estuarine primary producer communities exposed to increasing levels of inorganic nitrogen enrichment. The experiment was conducted over a period of 28 days in an unheated greenhouse exposed to natural environmental variability (light and temperature). The selection of a 4-week experimental period is common for similar experiments addressing the interactions between algal communities under different nutrient conditions (e.g. Smith and Horne 1988 , Seitzinger et al. 2001 , Porter et al. 2018 . The experiment consisted of a control and two nutrient addition treatments, with three replicate tanks per treatment. Initially, surface water (0.5 m depth) and sediment (top 5 cm) collected from the Maitland Estuary ( Figure 1 ) were transferred to 45-l glass tanks. Each tank was filled with 12 kg of homogenised sediment (fine sand, grain size ~125-250 μm) before the addition of 20 l of collected surface water, and subsequently allowed to settle for 24 h. At this stage, each treatment comprised in situ estuarine water and sediment representing environmental phytoplankton, MPB and filamentous algal (~Spirogyra sp. spores in the sediment) communities. Next, small one-off additions of KNO 3 (nitrate source) at the onset of the experiment were added to the two nutrient addition treatments ("0.5 μm Nitrate Addition" and "1.0 μm Nitrate Addition") to achieve an approximate doubling in the initial nitrate concentrations from one treatment to the next, i.e. 0 μm, Control <0.5 μm Nitrate Addition <1.0 μm Nitrate Addition. These concentrations were selected based on existing data for the Maitland Estuary during similar oligohaline, closed mouth conditions that demonstrated naturally low inorganic N levels of less than 0.1 μm. The tanks were gently aerated, using filtered (0.45 μm pore size) air, throughout the study period to (1) create a low level of turbulence, (2) prevent the microalgal cells from becoming diffusion-limited, and (3) ensure CO 2 saturation. Each tank was covered with transparent low-density polyethylene sheaths to limit evaporation.
Data collection
Salinity, temperature (°C) and dissolved oxygen (mg l −1 ) were recorded using a HANNA HI98194 multiparameter meter. Water samples (50 ml) for inorganic nutrients were filtered through hydrophilic polyvinylidene difluoride (PVDF) 0.47-μm pore-size syringe filters, and subsequently frozen prior to analyses. Filtrates were analysed for soluble reactive phosphorus (SRP = PO 4 3− ) and ammonium (NH 4 + ) (oxidation method) using standard spectrophotometric methods (Parsons et al. 1984) , while the reduced copper cadmium method was used to determine total oxidised nitrogen (NO x To determine phytoplankton biomass, measured as chlorophyll-a concentration, two replicate samples (100 ml) from each tank (n = 6 per treatment) were gravity-filtered through 1.2-μm pore-size glass-microfibre filters (Munktell © MGC), and subsequently frozen. Once in the laboratory, the filters were placed into glass vials containing 10 ml of 95% ethanol (Merck 4111) for extraction. After 24 h in a cold (ca. 1-2°C) and dark room, extracts were re-filtered through MGC filters. Spectrophotometric determinations of chlorophyll-a were performed according to Nusch (1980) , with absorbance measured before and after acidification with 1N HCl. For the purposes of identification and enumeration of phytoplankton functional groups, water samples (100 ml) were preserved with 1 ml of 25% glutaraldehyde solution (Sigma Chemicals G5882). Thereafter, a known volume of preserved sample was stained with Rose Bengal (Sigma Chemicals R3877) and allowed to settle overnight in a 26.5-mm diameter Utermöhl settling chamber (Coulon and Alexander 1972) . Cell counts were done using a Zeiss IM 35 inverted microscope at a magnification of 630X, with a minimum of either 200 frames or 200 cells being counted. Cell abundance (per ml) of each group present was calculated using the equation described by Snow et al. (2000) .
Two replicate sediment samples per tank (n = 6 per treatment) were collected for the determination of MPB biomass, from the top cm of the sediment layer using a 20-mm internal diameter corer. Next, 15 ml of 95% ethanol (Merck 4111) was added to each sample before being placed in a cold, dark room for 12 h to allow for chlorophyll-a extraction. Thereafter, samples were filtered through Munktell © MGC filters to clear the extract of sediment particles. Chlorophylla concentrations were determined using a spectrophotometric method described by Nusch (1980) and expressed as mg Chl-a m −2 . Additional sediment was obtained for the assessment of MPB and benthic diatom community composition using the same collection procedure as described for MPB biomass. The samples for MPB community composition were preserved with 1 ml of 25% glutaraldehyde solution (Sigma Chemicals G5882) until analyses could commence. The percentage composition of the MPB functional groups present was done according to the method described by Clark (1981) . For the benthic diatom communities, the sediment samples collected from the replicate tanks of each treatment were pooled, and subsequently identified according to the method described by Bate et al. (2013) . Once the benthic diatom community had been determined, the Shannon diversity index (H′) and species richness (S) were calculated. Filamentous algal cover abundance of Spirogyra sp. was assessed as percentage aerial cover (%).
Sampling of physico-chemical and inorganic nutrient parameters occurred immediately after the microcosm experiment was set up (Week 0) and every 7 days thereafter (Week 1-4). Contrastingly, sampling of the primary producer communities was only initiated following a 1-week acclimation period, i.e. Week 1-4. All the abiotic and phytoplankton parameters were recorded at the mean depth of the water column in each tank.
Data analyses
Model-based analyses were conducted in R (R Core Team 2017) using the "nlme" package (Pinheiro et al. 2016 ). All possible predictor variables (salinity, temperature, SRP, NO x , N:P ratio, and initial treatment regime) were considered in separate linear mixed-effects models (LMMs) for MPB biomass, phytoplankton biomass, and filamentous algal cover as fixed-effect response variables. To account for repeated measures between samples, a treatmentspecific autocorrelation structure ("corAR1") was specified under the generalised least squares (GLS) framework (Zuur et al. 2009 ) as a random effect. Similarly, treatmentspecific variability between samples was accounted for by setting residual variance structures ("varIdent") respective to sampling interval nested with each treatment (MPB and phytoplankton biomass) and treatment only (filamentous algal cover) where variability was minimal between intervals (Zuur et al. 2009 ) as further random effect variables. Predictor significance was assessed under a t-approximation (α < 0.05) and all model assumptions were met in terms of residual normality and homogeneity. Finally, the relationships between microalgal biomass (phytoplankton and MPB) and filamentous algal cover were evaluated using the non-parametric Spearman's rank correlation.
Results
Physico-chemistry and inorganic nutrients
The physico-chemical responses (Figure 2 ) observed throughout the experimental period were largely synchronous across the three treatments -an artefact of all tanks being exposed to natural environmental variability. Salinity remained low (1.4-1.6), with marginal evaporative effects evidenced by slight increases that peaked in Week 4 across treatments. Recorded water temperatures were characteristic of conditions expected during the spring/ summer period in South African estuaries, ranging from 19.8 to 24.9°C. Unlike salinity, which remained largely consistent throughout, water temperature displayed marked variations, with all treatments progressively warming and peaking in Week 3 (ca. 24.5°C) and rapidly declining by Week 4 (ca. 20°C). Dissolved oxygen (DO) concentrations remained well-oxygenated during the initial phase of the experiment (Week 0-2), ranging from 9.1 to 11.1 mg l −1 . Subsequently, and concomitant with increased water temperatures, DO concentrations declined to less than 7 mg l −1 by Week 3, and subsequently increased in Week 4 (ca. 8 mg l −1 ). Being the manipulated component of the microcosm experiment, inorganic nutrient responses displayed marked inter-treatment variations throughout the study period ( Figure 2 ). As expected, total oxidised nitrogen (NO x ) concentrations showed the most distinct discrepancies between treatments at Week 0, i.e. Control (0 μm), "0.5 μm Nitrate Addition" (0.5 μm) and "1.0 μm Nitrate Addition" (1.4 μm). Thereafter, an increase in NO x was observed in all tanks by Week 1, likely a result of nitrification processes as evidenced by the associated decrease in ammonium (NH 4 + ) concentrations. During Week 2, a marked reduction in NO x concentrations was observed in all treatments (<0.3 μm) and persisted for the remainder of the experimental period. The 1.0 μm Nitrate Addition treatment displayed consistently higher NH 4 + concentrations (3.8-28.8 μm) compared to the other treatments (0-13.5 μm) throughout the study period. Contrastingly, soluble reactive phosphorus (SRP) concentrations were largely similar within and between treatments during the study period. However, a similar temporal pattern of increasing NH 4 + and SRP concentrations was observed in all treatments, with decomposition and remineralisation 
Primary producer communities
Typical of oligotrophic systems (Lemley et al. 2015) , phytoplankton and microphytobenthos (MPB) biomass was low throughout the experimental period across treatments, i.e. less than 5 μg Chl-a l −1 and 50 mg Chl-a m −2 , respectively (Figure 3) . However, inter-treatment analysis (Table 2) indicated that overall phytoplankton biomass was significantly lower in the Control (p < 0.05) compared to the other treatments, while the 1.0 μm Nitrate Addition supported the highest overall MPB biomass concentrations (p < 0.05). Temporal microalgal responses varied for each treatment, with the 1.0 μm Nitrate Addition treatment displaying significant reductions in phytoplankton and MPB biomass by Week 4, while no statistical differences (p > 0.05) were observed in the Control and 0.5 μm Nitrate Addition treatments for these parameters. When assessing the overall relationship between microalgal biomass and filamentous algal cover, phytoplankton exhibited a significant inverse response (r = − 0.52; p < 0.05), whilst MPB was less responsive (p > 0.05) to filamentous algal growth.
Filamentous algal cover abundance of Spirogyra sp. (Figure 3 ) was low during the initial two weeks (0 to ≤2%) of the experimental period across all treatments. Subsequently, filamentous algal abundance increased during the latter period of the study (Week 3 and 4), i.e. ranging from 15 to 40% aerial cover. This temporal response was highlighted across treatments, with significant increases (p < 0.05) in filamentous algal abundance observed by Week 3 (1.0 μm Nitrate Addition) and 4 (Control and 0.5 μm Nitrate Addition). Filamentous algal cover in the 1.0 μm Nitrate Addition was significantly higher in Week 3 compared to Week 4 (p < 0.05), suggesting an accelerated response of these communities to increased nitrate loading. Additionally, model results revealed no significant differences in filamentous algal cover abundance between treatments (p > 0.05) yet indicated a significant positive relationship between filamentous algal cover and increased water temperature (Table 2) .
Phytoplankton communities (Figure 4) within each of the treatments shared similar characteristics regarding the dominant functional groups present (Chlorophyceae and Cyanophyceae), with dissimilarities arising from temporal shifts in dominance and cell abundance. All treatments shared similar features during Week 1, with Chlorophyceae being dominant (>45% relative abundance, RA) and comparable total phytoplankton cell abundance, i.e. ranging between 1 641 and 1 936 cells ml −1 . Furthermore, cell abundance decreased across treatments from Week 1 to Week 4, concomitant with the emergence of filamentous algal growth (r = − 0.65; p < 0.05). This was evidenced by the Control, 0.5 μm Nitrate Addition and 1.0 μm Nitrate Addition exhibiting lower cell abundance in Week 4 compared to the initial 2-week period. In the 1.0 μm Nitrate Addition treatment, the rapid decline in phytoplankton abundance, in response to filamentous algae growth (p < 0.05), was observed a week earlier (Week 3) compared to the other two treatments. Random effect variables were incorporated to account for repeated measures of treatments ("corAR1") and the time of sampling ("varIdent"). Directional coefficients (C) and the test significance (P) thereof are indicated. The shift in phytoplankton functional group dominance observed during the experimental period varied between treatments. In the Control treatment, Chlorophyceae were dominant in Week 1 (ca. 46% RA) and 2 (ca. 63% RA) followed by a shift towards communities comprising predominantly Cyanophyceae (i.e. individual cells and colonies) in Week 3 and 4 (~50% RA). The 0.5 μm Nitrate Addition demonstrated a cyclical shift in the dominant functional group present, with Chlorophyceae prevalent during Weeks 1 and 3 (>50% RA) and Cyanophyceae abundant in Week 2 (ca. 65% RA) and 4 (ca. 53% RA). A similar pattern was observed in the 1.0 μm Nitrate Addition, however Cyanophyceae were only most abundant during Week 2 (ca. 65% RA), with Chlorophyceae prevailing for the remainder of the study period (50-75% RA).
The MPB community composition ( Figure 5 ) in each of the treatments during Week 1 and 2 was predominantly comprised of Bacillariophyceae (>80% RA), with the remainder being made up of Chlorophyceae and Cyanophyceae. During the latter phase of the experiment (Week 3 and 4) Bacillariophyceae became increasingly dominant across treatments (>93% RA), thus reaffirming the common utilisation of benthic diatom communities as indicators of nutrient-induced change. The freshwater species Staurosira elliptica was the dominant benthic diatom throughout the experiment in all treatments (Supplementary  Table S1 ). Dissimilarities were observed between treatments when assessing the species richness and diversity of benthic diatom communities ( Figure 5 ). In the Control, species diversity (H′ = 0.53 ± 0.04) and richness (S = 14-17) remained relatively consistent throughout, with Rhopalodia gibberula, Navicula capitatoradiata, Amphora ovalis and Petroneis humerosa as the sub-dominant (≥1 but <10% RA) diatom species (Supplementary Table S1 ). Reduced species diversity and richness were characteristic of the 0.5 μm Nitrate Addition (H′ = 0.41 ± 0.12; S = 5-14) and 
Discussion
A tight coupling between primary producer communities has been suggested in the literature (Valiela et al. 1997, de Tezanos Pinto and O'Farrell 2014) , where macroalgae, including filamentous forms, often displace other communities, such as phytoplankton, until a natural disturbance (e.g. flushing event, high turbulence, decreased water levels) causes a shift towards microalgal dominance, which in turn hinders macroalgal growth through light limitation. A study by Wallace and Gobler (2015) demonstrated this potential shading effect in a eutrophic estuary in the United States, where dense phytoplankton blooms (>100 μg Chl-a l −1 ) were shown to restrict macroalgal growth (Ulva rigida) by reducing light penetration, particularly in deeper waters. The small-scale experimental microcosm design implemented in this study mimicked conditions akin to those of shallow estuaries lacking the natural disturbances required to displace macroalgal communities, i.e. shallow water depth, high light environment and increased water residence time. These conditions, together with an ambient freshwater environment stimulated the growth of a green filamentous algae species in the genus Spirogyra across treatments. The presence of Spirogyra spp. in estuaries is largely associated with periods of mouth closure and low salinity (<5; Gama et al. 2005) . Homogenous salinity conditions (e.g. fresh, brackish, marine) are typical of South African TOCEs during the closed-mouth state (Snow and Taljaard 2007) , thus supporting the use of the Maitland Estuary as a model ecosystem in this study.
Given favourable growing conditions, an increase in anthropogenic nitrogen (N) supply has been shown to favour the growth of macroalgal species (e.g. Teichberg et al. 2010 , Fox et al. 2012 , Wallace and Gobler 2015 , Thornber et al. 2017 ). Evidence of this was observed in this study, where increased nitrate loading culminated in accelerated filamentous algal growth. More specifically, numerous studies (Pedersen and Borum 1996 , Larned 1998 , Leston et al. 2008 , Teichberg et al. 2010 have indicated the high affinity of green ephemeral macroalgae for dissolved inorganic nitrogen (DIN), particularly ammonium and nitrate, at both high and low concentrations; however, their general inability to store large nutrient reserves necessitates a constant supply of N to maintain growth. However, in systems were overlying water column nutrients are low (~oligotrophic conditions), ephemeral macroalgae require access to alternative nutrient sources to persist (Larned 1998) . This relationship has been demonstrated in the Knysna Estuary, South Africa where the persistence of Ulva lactuca blooms was attributed, in part, to the uptake of recycled nutrients from the sediment (Human et al. 2016a) . Therefore, in this study the sustained prevalence of a green filamentous alga in all microcosm treatments is likely attributed to its tight coupling with regenerated nutrients (ammonium and phosphate) released via the sediment (Valiela et al. 1997 ) and algal decomposition (Lemley et al. 2014 ) during the latter phases of the experimental period. The disproportionately high levels of ammonium during this period -relative to initial DIN concentrations -can be explained by an accumulation of organic matter (e.g. filamentous algae) at Week 3, together with increased water temperatures and reduced dissolved oxygen levels, culminating in enhanced sediment efflux rates (remineralisation). A similar scenario was reported by Human et al. (2015) during prolonged closed-mouth conditions in the Great Brak Estuary, where, despite low water column nutrient levels (~oligotrophic), the sediment acted as a notable source of ammonium. This effect was particularly evident during Week 4 in the 1.0 μm Nitrate Addition treatment (NH 4 + > 25 μm), where die-back of filamentous algae likely facilitated remineralisation processes, i.e. cover abundance peaked in Week 3 rather than Week 4 (Control and 0.5 μm Nitrate Addition). Thus, similar ammonium concentrations would have been expected in the less nitrate-rich treatments once filamentous algal decomposition began.
Concomitant with the emergence of filamentous algae during the experimental period, phytoplankton communities displayed marked reductions in indicator parameters (biomass and abundance). Similar observations were highlighted in a study by O'Farrell et al. (2009) , where experimental field mesocosms that mimicked shading generated by dense macroalgal mats resulted in reduced phytoplankton biomass and species richness. This was particularly evident in the most nitrate-enriched microcosm (1.0 μm Nitrate Addition) that exhibited distinct deviations in the magnitude, rate and type of algal responses compared to the other treatments. Accordingly, increased nitrate loading facilitated an initial surge in phytoplankton and MPB biomass, followed by accelerated growth, and subsequent turnover, of filamentous algae, culminating in significant biomass reductions in both microalgal components (phytoplankton and MPB). Resource competition for inorganic N is a key factor responsible for the depression of microalgal biomass (phytoplankton and MPB) by ephemeral macroalgae (higher nutrient affinity), an observation highlighted in numerous experimental studies Horne 1988, Fong et al. 1993) . Furthermore, reduced bottom light levels, as an indirect effect of increased filamentous algal cover, provides an alternative explanation for the rapid decline in MPB biomass at the end of the experimental period (Seitzinger et al. 2001 , Glibert 2017 .
Phytoplankton specific responses in the most nitraterich treatment (1.0 μm Nitrate Addition) encompassed an accelerated decline in cell abundance coinciding with the emergence of filamentous algae, whilst increased DIN:DIP ratios resulted in a shift in functional group dominance. These phytoplankton responses have implications for estuarine food web dynamics during closed-mouth conditions. For example, the observed change in phytoplankton composition from small (e.g. Cyanophyceae, <5 μm) to large (e.g. Chlorophyceae, >5 μm) cells in this study suggests that prevailing food webs may shift from long (microbial loop) to short (herbivorous), respectively, if ecosystems become more productive (Froneman 2004 , Guenther et al. 2015 . Evidence for this is provided by Porter et al. (2018) , where copepod abundance was higher in the nutrient-enriched mesocosm treatment where larger phytoplankton groups were more prominent (e.g. diatoms, dinoflagellates), thus enhancing trophic connectivity. However, it has been shown that in eutrophicated systems the accelerated growth of green macroalgae can uncouple trophic pathways by suppressing grazer abundance and consequently invertebrate predators (Fox et al. 2012) . Therefore, despite the prospect of shorter, more efficient food webs in N-enriched systems, the rapid decline in phytoplankton abundance observed at the onset of filamentous algal growth negates any potential benefits, and instead represents a potential collapse in energy transfer to higher trophic levels, i.e. reduced resources for primary consumers.
Benthic microalgal communities displayed marked reductions in diatom species richness and diversity in the 1.0 μm Nitrate Addition treatment. Furthermore, the freshwater diatom species Staurosira elliptica remained dominant across treatments; however, a shift in the subdominant species occurred in the 1.0 μm Nitrate Addition treatment with the nutrient tolerant diatom species Navicula capitatoradiata displacing the cosmopolitan Rhopalodia gibberula (Taylor et al. 2007 ). Whilst sediment type is an important consideration when interpreting diatom associations (i.e. diversity lower on sand than on silt; Agatz et al. 1999 , Lemley et al. 2016 , the homogeneity of sediment across all experimental microcosms (~sandy) enables inter-treatment discrepancies to be attributed to variability in initial nitrate concentrations. Similar reductions were observed along the south coast of South Africa (Lemley et al. 2015) , where eutrophic estuaries exhibited the lowest benthic diatom species diversity and richness scores compared to oligo-and mesotrophic systems. The observed shift towards communities dominated by only a few species is of concern because the relative influence of salinity and temperature in structuring seasonal fluctuations has been shown to be suppressed in nutrient-rich environments (Agatz et al. 1999) , thus potentially destabilising natural ecosystem functioning and resilience (Tett et al. 2007 ).
The consequences of accelerated growth of ephemeral filamentous algae in response to increased DIN concentrations and water temperature -as indicated by model results -observed in this study have implications from a global change perspective. The significant shifts in algal community structure and dynamics in response to slight nitrate enrichment in this study, particularly in the 1.0 μm Nitrate Addition treatment, highlights the heightened sensitivity of small, closed oligotrophic estuaries to anthropogenic pressures. Therefore, by inference, estuarine systems with similar environmental conditions to those mimicked in this study (~shallow, high water residence) can be expected to exhibit eutrophic symptoms (e.g. macroalgal blooms, oxygen depletion, reduced abundance of higher trophic levels; Teichberg et al. 2010 , Cloern et al. 2016 , Thornber et al. 2017 ) more frequently -compared to larger systems -in a scenario where anthropogenic nutrient loading and ambient temperatures increase. Tett et al. (2007) define the concept of ecosystem resilience as a system's ability to recover from a disturbance, whilst also highlighting that structurally damaged systems have little resilience to change. Accordingly, eutrophic temporarily open/closed systems in the semi-arid warm temperate zone of South Africa that already support macroalgal blooms, such as the Great Brak (Nunes and Adams 2014, Human et al. 2016b) and Hartenbos (Lemley et al. 2015) estuaries, are then, by definition, particularly sensitive to global change and are at risk of losing ecosystem functionality. Yet, in a scenario where only minimal increases in nitrate loading occur, the comparable algal responses observed in the Control and 0.5 μm Nitrate Addition treatments highlight the potential for estuarine ecosystems to absorb small-scale anthropogenic pressures whilst maintaining structure and processes. Accordingly, the study hypotheses can be partially rejected, given that increases in initial nitrate concentrations did not elicit stepwise (1) increases in microalgal (phytoplankton and MPB) biomass and filamentous algal cover, and (2) reductions in benthic diatom diversity between treatments, i.e. only the 1.0 μm Nitrate Addition treatment responded as expected.
Considering this, management efforts should be geared towards reducing, or at least maintaining, existing anthropogenic pressures on estuaries to prevent the loss of ecosystem resilience which ultimately supports the continued provision of ecosystem services (e.g. nursery areas, flood prevention, recreation and tourism). Due to the close association between macroalgal growth (including filamentous forms) and inorganic nutrient loading (N and P), the adoption of a dual-nutrient-reduction approach to the treatment of anthropogenic inputs should be considered as a mitigation measure (Conley et al. 2009 , Teichberg et al. 2010 . Despite not being a manipulated component in this study, inorganic P levels are an important management consideration given the propensity for shifts in nutrient stoichiometry to alter the biodiversity of ecosystems (Glibert 2017) . This is because the nutrient limiting growth (N-or P-limited) varies between species and habitats (Larned 1998 , Statham 2012 , thus necessitating an understanding of the nutrient requirements of nuisance algal species to achieve effective management. his work that investigated estuarine microalgal bloom dynamics at multiple temporal scales. His broad research areas of expertise include aquatic ecology and water quality, with a specific focus on eutrophication and phytoplankton ecology. At present, his research is centered around investigating the autecology of harmful algal bloom species in estuarine and coastal waters of South Africa, with the objective of providing insight as to how these phenomena can be mitigated and/or prevented. Her specialist research field is the functioning, conservation and management of coastal ecosystems. Current research focus areas are the freshwater requirements of estuaries, water quality management of coastal habitats, responses to climate change, and blue carbon assessments. She has over 100 publications in highly rated journals and is an NRF-rated scientist.
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